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A two-stage thermophilic fermentation and mesophilic methanogenic process for bio-

hythane production from palm oil mill effluent (POME) was investigated. The hydrogen and

methane potential from POME were 170e200 L H2 kgCOD�1 and 210e292 L CH4 kgCOD�1,

respectively. A continuous two-stage process with hydraulic retention time (HRT) of 2 d for

hydrogen reactor and 15 d for methane reactor, obtained 34% higher energy yield than single

stage methane production. The hydrogen and methane yields from two-stage were 210 L

H2 kgCOD
�1 and 315 L CH4 kgCOD

�1, respectively with total energy yield of 15.34 MJ kgCOD�1.

Mixed hydrogen and methane (biohythane) production rate was 4.4 L biogas L�1d�1 with

containing of 51% CH4, 14% H2 and 35% CO2. Hydrogen reactor was dominated with hydrogen

producing bacteria of Thermoanaerobacterium thermosaccharolyticum, while acetoclastic Meth-

anoculleus sp. was the dominant methanogen in methane reactor. Two-stage process for

biohythane production could efficiently for energy recovery from POME.
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Introduction

Hydrogen is a promising energy carrier in the future.

Hydrogen is high energy density, higher conversion efficiency

of usable power and low generation of pollutants [1]. Microbial

hydrogen fermentation from organic waste has been attract-

ing attention as an environmental friendly process and high

production rate with organic waste under realistic conditions

which approaching practical levels [2]. Various organic ma-

terials such as cellulose and starch containing waste and food

industrial wastewaters, cheese whey, olive mill wastewater

and oil palm mill effluent can utilized for hydrogen gas pro-

duction [3]. Hydrogen yield from microbial fermentation of

organic waste such as apple processing wastewater, potato

processing wastewater, food waste, starch wastewater and

palm oil mill effluent was 92 [4], 128 [5], 57 [6], 92 [7] and 115 [8]

ml H2 gCOD�1. Palm oil mill effluent (POME) is a suitable

substrate for hydrogen production in term of hydrogen yield

and large volume of POME in Thailand, Malaysia and

Indonesia. Every one tonne of palm oil generated approxi-

mately 5e7.5 tonnes of POME. POME has high temperature

(80e90 �C). Thermophilic process could be applied to POME

with eliminating the need of cooling systems [9].

Successful hydrogen production from POME by microbial

fermentation was achieved under thermophilic condition.

Prasertsan et al. [10] obtained the continuous hydrogen pro-

duction rate (HPR) of 9.1 l H2 1
�1 d�1 (16.9 mmol H2 l

�1 h�1) by

Thermoanaerobacterium-rich sludge under thermophilic con-

dition (60 �C) at optimal values of 2 days HRT with an OLR of

60 gCOD l�1 d�1 in anaerobic sequencing batch reactor (ASBR)

reactor. High temperatures are interesting approach to

convert POME into hydrogen due to more favorable thermo-

dynamics condition, less variety of fermentation end-

products, low hydrogen partial pressure inhibition. However,

a number of challenges must be overcome before hydrogen

from POME can become economically feasible especially low

substrate conversion efficiency. In a conventional microbial

fermentation process only about 7.5e15% of the energy con-

tained in organic waste is converted to hydrogen, the rest of

the energy is contained in volatile fatty acids (VFA) [1]. 65% of

the energy contained in the organic waste still remains in the

liquid as VFA mainly butyric acid, acetic acid, lactic acid and

propionic acid. Consequently, VFA could be converted into a

suitable product or energy carrier such as methane via

methanogenesis by many methanogens under anaerobic

digestion [11]. In addition, it has been shown to be an energy

efficient strategy for the conversion of a mixture of hydrogen

and methane, known as hythane or biohythane [12] and can

be used as an energy carrier in gas combustion engines.

Biohythane can be realized through a two-stage microbial

fermentation, in the first stage substrate is fermented to

hydrogen andVFA andVFA is conversed tomethane in second

stage [11]. The pH of 5e6 and optimal HRT of 1e3 days are

optimized for acidogenic bacteria that could convert carbo-

hydrate to hydrogen via the acetate and butyrate pathways. In

the second stage, the remaining organic acids in the hydrogen

reactor effluent is anaerobically converted to methane by

methanogens under a neutral pH range of 7e8 and HRT of

10e15 days [13]. The two-stage could increased degradation
efficiency and improved negative impacts of inhibitive com-

pounds in feedstock with high yield and purity of products

[14]. In addition, the two-stage process has advantages of

increased the net energy balance, increased stability with

better control of acid phase, higher organic loading rates,

increased specific activity of methanogens leading to an in-

crease inmethane production rates and increased overall COD

and VS reduction efficiencies compared to one-stage

hydrogen or methane fermentation. The two-stage process

also characterized by a significantly reduced fermentation

time [11]. The two-stage hydrogen and methane process is

based on the differences of physiology, growth kinetics, and

sensitivity to environmental conditions between acidogens

and methanogens. These two different groups are enriched

separately in two tanks enabling optimized growth by main-

taining proper environmental conditions in each reactor [15].

The thermophilic anaerobic process is reported to have an

acceleration effect on the biochemical reactions and a higher

efficiency in the degradation of organic matter in comparison

to the mesophilic process. Higher methane production rates

were observed under thermophilic conditions compared to

mesophilic conditions [16]. However, Kim et al. [17] reported

that thermophilic anaerobic digestion has a lack of process

stability caused by high propionate threshold concentrations.

Although the study and practice of individual hydrogen and

methane production are widespread, there were only a few

reports on the two-stage process of their co-production andno

report on hydrogen and methane production from POME in

two-stage thermophilic fermentation and mesophilic meth-

anogenic process.

This study aims to develop a two-stage thermophilic

fermentation and mesophilic methanogenic process for

hydrogen and methane production from POME. The factors

affecting on process stability and microbial community of

continuous two-stage hydrogen and methane production

from POME in ASBR reactors and mesophilic anaerobic

digestion in up-flow anaerobic sludge blanket (UASB) reactors

were investigated.
Materials and methods

Inoculum preparation and POME characteristics

Seed sludge for hydrogen production was collected from a

palm oil mill biogas plant. The sludge was enriched for ther-

mophilic hydrogen producing bacteria according to Mamimin

et al. [18]. The enriched sludge has a volatile suspended solids

(VSS) concentration of 6.0 g l�1 was gradually acclimatized

with POME by successive transfer to increasing concentration

of POME from 50% to 100%. The acclimatized sludge was

operated by discharged of 50% cultured broth and addition of

50% fresh POME every 24 h for 10 times. Then, the sludge was

used in batch test and seeded into an ASBR reactor for

continuous operation. An anaerobic digester sludge obtained

from a palm oil mill biogas plant was used as a seed sludge for

biomethane potential and mesophilic methanogenic reactor

without treatment. Anaerobic digester sludge was placed in

an incubator for 5 days until the biogas production was

stopped in order to minimize the contribution of organic
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materials contained in the inoculum. The inoculums was

contained of 15.4 g l�1 total solids (TS), 13.6 g l�1 volatile solids

(VS), and 11.2 g l�1 volatile suspended solids (VSS). POME from

the receiving tank of Trang Palm Oil Co., Ltd. in southern

Thailand had the following characteristics: high temperature

(90 �C), pH 4.7, brownish color, 10.6% oil content, 14.2 g total

carbohydrate l�1, 4.2% total solids, 0.8% suspended solids,

3.3% volatile solids, 85.5 gCOD l�1, 830 mg total Kjeldahl ni-

trogen l�1, 130mg total phosphorus l�1 and 3mg iron l�1. Table

1 shows the characteristics of the POME. Raw POME was

supplemented with iron, nitrogen and phosphorus at con-

centration of 257 mg Fe2þ l�1, C/N ratio of 95 adjusted by

peptone as nitrogen source, and C/P ratio of 550 adjusted using

Na2HPO4$2H2O and the pH was adjusted to 5.5 by NaHCO3

before being fed to the ASBR reactor [19].
Biochemical hydrogen potential (BHP) and biomethane
potential (BMP)

The BHP and BMP of POME were identified in batch assays

under thermophilic conditions and mesophilic conditions, as

described previously by Giordano et al. [20]. The experiments

were carried out in batch conditions, using 500ml glass serum

bottles. POMEwas tested at different initial COD loading levels

of 20, 40 and 60 gCOD l�1. Additionally, for testing the inoc-

ulum quality, positive controls with 20 g l�1 of cellulose and

20 g l�1 of glucose instead of samples were also included for

observation. BHP test reactors, POME was mixed with 40 ml of

inoculums and adjusted volume to 200 ml by water. Reactors

were manually mixed every day and maintained at static

conditions and constant temperature (55 �C) in a thermostatic

cabinet for 5 days. When the biological hydrogen production

ceased, the reactors were opened and another 120 g of

anaerobic digestion sludge were introduced into the reactors

and incubated at mesophilic condition for 45 days in order to

evaluate the CH4 production. The reactors were manually

mixed every day during the first 7 days and every 2 days for

the rest of the experimental duration and then maintained at

static conditions. Biogas production was determined through

the use of the water replacement method [21]. Biogas

composition in the headspace of the vials was monitored by

GC-TCD according to Hniman et al. [22]. The gas produced by
Table 1 e Chemical characteristics of palm oil mill
effluent used in this study.

Parameter Concentration (g l�1)

Biochemical oxygen demand (BOD) 48.3 ± 0.6

Chemical oxygen demand (COD) 85.5 ± 0.3

Total carbohydrate 16.2 ± 0.2

Total nitrogen 0.83 ± 0.1

Ammoniumenitrogen 0.03 ± 0.001

Total phosphorus 0.13 ± 0.001

Phosphate 0.021 ± 0.001

Oil 10.6 ± 0.02

Total solids (TS) 62.0 ± 0.3

Volatile solids (VS) 55.0 ± 0.4

Suspended solids (SS) 8.5 ± 0.2

Ash 4.2 ± 0.2

Fe 0.003 ± 0.0001
the negative control bottles with inoculum was subtracted

from the actual gas produced of each treatment.
Reactor operations and monitoring

Two-stage thermophilic fermentation and mesophilic meth-

anogenic process was compared with single stage methane

operation. Fig. 1 illustrates the schematic diagram of the

experimental apparatus used in this study. The apparatus

was composed of three parts including mixing tank, ASBR

reactor for hydrogen production and UASB reactor for

methane production. The first part is a mixing for making

uniformly high solid slurry. The well-mixed fluid slurry in the

mixing tank was fed to the ASBR, which was a thermophilic

hydrogen production reactor with an effective volume of

200 ml. POME was intermittent mixed feed into the reactor

with flow rate of 100 ml d�1 with 24 h cycles. Each cycle

consisted of 30 min fill, 22 h 40 min reaction, 30 min settle-

ment, 10 min draw and 10 min idle. ASBR was operated at

55 �C, pH of 5.5 and 2-d HRT. The 100 ml of seed inoculum

were added to the hydrogen production reactors and the

other half was filled with the POME. The operation reached

steady state when hydrogen gas content, biogas volume and

pH were stable (less than 10% variation). The third column

was a mesophilic methanogenic reactor (UASB) with an

effective volume of 3 l. A gas meter was installed in each

reactor to record gas amount automatically. The seed inoc-

ulum were added to the methane production reactors to fill

the 80% of the effective volume, and the other 20% was filled

with effluent from hydrogen production reactor. The atmo-

sphere of the methane reactor was exchanged by nitrogen

gas. Second stage was operated at room temperature

28e34 �C, pH of 7.5 and 20, 15 and 10-d HRT. After 1e2 days,

gas production was confined from the reactor, rather than

continuously fed into the reactor was initially. In order to

prevent the volatile fatty acids (VFAs) accumulation in the

methanogenic reactor at short HRT of 20 days were operated
Fig. 1 e Schematic diagram of two-stage hydrogen and

methane experimental apparatus.
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Fig. 2 e Cumulative gas (H2 and CH4) production during the two-stage biochemical hydrogen potential (BHP) and biochemical

methane potential (BMP) tests of POME at difference initial organic loading.

i n t e rn a t i o n a l j o u r n a l o f h y d r o g e n en e r g y 4 0 ( 2 0 1 5 ) 6 3 1 9e6 3 2 86322
at the first month. The HRTs of methane production reactor

were vary from 10 to 20 d and pH controlled between 7.3 and

7.5. Second stage was tested at three different distributions of

HRT between hydrogen and methane reactors of 2:20, 2:15

and 2:10 d, respectively. The two-stage ASBR and UASB were

routinely monitored for the pH, gas production and compo-

sition, volatile fatty acid (VFA) distributions, chemical oxygen

demand (COD) and suspended solids (SS). The steady-state

condition (pH over 7.3 and VFA less than 1000 mg l�1 ) was

confined from the methanogenic reactor. Change of distri-

butions of HRT between hydrogen and methane reactors was

done after 2-week steady state conditions. The single stage

UASB was run as a control for methane production with the

HRT of 17 days at 35 �C, pH of 7.3e7.5.
Microbial communities analysis

Polymerase chain reaction-denaturing gradient gel electro-

phoresis (PCR-DGGE) was used to study microbial community

structure in the hydrogen production stage and methane

production stage as pervious described by Kongjan et al. [12].

Most of the bands were excised from the gel and re-amplified.

After re-amplification, PCR products were purified and

sequenced by Macrogen Inc. (Seoul, Korea). Closest matches

for partial 16S rRNA gene sequences were identified by data-

base searches in Gene Bank using BLAST [23].
Analytical methods

Biogas production performance was monitored daily by

determining the H2, CO2, H2S and CH4 concentrations by GC-

TCD (Hewlett Packard, HP 6850) as previously described by

O-Thong et al. [7]. The gas samples (100 ml for methane and

500 ml for hydrogen) were injected in duplicate. Volatile fatty

acids (VFA) were analyzed by gas chromatography as previ-

ously described by Hniman et al. [22]. Chemical oxygen de-

mand (COD), pH, suspended solid (SS), oil concentration, total

phosphorus and total Kjeldahl nitrogen (TKN) were
determined in accordance with the procedures described in

the Standard Methods [24]. Ammonium-nitrogen and phos-

phate concentrations were analyzed using commercial test

kits from Spectroquant (Merck Ltd., Germany). The total car-

bohydrate contentwas analyzed by the Anthronemethod [25].

The hydrogen and methane yields obtained from each kilo-

gram of COD in POME was calculated according to Zhu et al.

[26]. The densities of hydrogen and methane gas used for the

calculation were 0.09 mg ml�1 and 0.72 mg ml�1. The heating

values of the hydrogen andmethane used were 142 kJ g�1 and

55.6 kJ g�1 [27]. Statistical significance was defined as P < 0.05

by t-test.
Results and discussion

Two-stage biohydrogen and biomethane potential of POME

In all biohydrogen potential (BHP) and biomethane potential

(BMP) tests gas production started almost immediately indi-

cating that a short lag phase. Glucose fermentation showed a

hydrogen and methane recovery from initial COD was 18%

and 80%, respectively indicating good inoculums. The H2

concentration in the biogas of the BHP tests ranged between

45% and 60% with CO2 as the remaining fraction and no CH4

was detected. Gas production from POME reached an H2 yield

of 130e200ml H2/g COD after 2 days, which is within the range

obtained in other studies [8] under thermophilic conditions. It

is noteworthy that more than 90% of the H2 was produced in

approximately 2 days (Fig. 2). At the end of the BHP tests,

acetic and n-butyric acids represented the main fermentative

products reaching the concentration of 23450e3580 and

3250e4250mg l�1 at all initial loading test (data not show). The

VFAs production caused a significant pH decrease from 5.5 to

4.3 after 5 days of incubation. Methane production from

hydrogenic effluent was yield of 210e292 ml CH4 gCOD�1.

During the BMP test, the methane concentration in the biogas

ranged between 55 and 64%. VFA from hydrogen production

http://dx.doi.org/10.1016/j.ijhydene.2015.03.068
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process was completely degraded in BMP test with concen-

tration below 30mg L�1 of acid. Althoughmethane production

lasted approximately 50 days, about 90% of the total CH4 was

produced during the first 15e20 days.

Two-stage BHP and BMP of POME showed a hydrogen and

methane recovery from initial COD was 11e13% and 60e83%,

respectively (Table 2). The total gas recovery also demon-

strated thatmuchmore energy could be gained by a two-stage

hydrogen and methane production. 90% of methane produc-

tion from POME hydrogenic effluent can achieved within

15e20 days. Results indicating that optimum HRT for

hydrogen production in first stage andmethane production in

second stage should be 2 days and 15e20 days, respectively.

The results agreed with Liu et al. [27] that reported HRT for

first stage for hydrogen from organic fraction of municipal

solid wastes are 1e2 days and HRT second stage for methane

production are 10e15 days, respectively. The volume of

reactor for methane production is about 10 times as large as

that of hydrogen production and 2e4 times smaller than sin-

gle stage methane production.

Continuous hydrogen production

The selected condition (OLR of 60 g COD l�1 d�1 and HRT 2 d)

for hydrogen production from POME by thermophilic mixed

culture using ASBRwere established according to our previous

study [10]. The hydrogen gas production rate observed from

the ASBR reactor is show in Fig. 3. The maximum hydrogen

production rate record from this reactor was 1.84 l H2 l
�1 d�1,

which was observed on day 90e120. The average rate over the

entire experiment was 1.8 l H2 l�1 d�1. The hydrogen con-

centration in the biogas was 48e60% with an average con-

centration of 55%. The methane concentration was not

observed in the biogas, indicating that a no methanogenic

activity existed in the hydrogen reactor. No hydrogen sulfide

was detected. The average and maximum hydrogen yields

were calculated to be 210 ml H2 gCOD�1 respectively, with

acetic acid and butyric acid as main products in fermentation

soluble metabolites (Fig. 3.). The hydrogen produced from

each liter of POME was 9.0 l H2 l�1POME. The hydrogen yield

was higher than hydrogen yield (4.7 l H2 l
�1POME) from POME

in batch reactor under thermophilic condition [28]. The

hydrogen yield was also higher than hydrogen yield (2.64 l

H2 l�1POME) from POME in CSTR operating at HRT 4 days

under thermophilic condition [29]. Thermophilic hydrogen

fermentation is enhancing biogas production yields by

reducing biogas solubility and lowering the H2 partial pressure

in the head space. Thermophilic hydrogen fermentation also

improving the degradation efficiency at high temperatures [8].
Table 2 e Summary of hydrogen and methane recovery from P

Substrate Initial COD loading
(gCOD l�1)

H2 yield
L kg�1 COD

CH4 yield
L kg�1 COD

Glucose 20 280 280

Avicell 20 110 315

POME 20 200 292

POME 40 190 260

POME 60 170 210
Higher temperatures (60 �C) are energetically more favorable

for biological hydrogen production, enabling thermophiles to

reach higher hydrogen yields than mesophiles. Moreover,

strictly anaerobic thermophilic conditions seem to restrict

contamination by hydrogenotrophic methanogens [31].

The characteristics of the hydrogenic effluent are pre-

sented in Table 3. COD remaining was 59.5 g l�1 on average,

resulting in a removal rate of 38%. The COD removal efficiency

was low under hydrogen production stage, since mineraliza-

tion of organic compounds under anaerobic conditions in not

complete unless methane gas was produced. The decompo-

sition of suspended solids (SS), which reflected solubilization

of solid material during operation, was approximately 70% of

SS in influent was decomposed in hydrogen production stage.

Thermophilic fermentation process by ASBR reactor suitable

for high suspended solid waste with higher hydrolysis activ-

ity, which is the bottleneck for degradation of high suspended

solid waste like POME. ASBR has been used for hydrogen

production due to a promising anaerobic high rate processes

with short HRT and high degree of process flexibility operation

[30] and also prevention of interference of high suspended

solids in the feeding substrates [10]. Acetic acid and butyric

acid were accumulated with a little production of ethanol,

propanol, propionic acid and valeric acid in hydrogen pro-

duction stage. The concentration of acetic acid, butyric acid,

ethanol, propanol, propionic acid and valeric acid was 4866,

7855, 200, 408, 150 and 146 mg l�1 , respectively.

DGGE profiling of sludge from hydrogen reactor at steady

state illustrated that Thermoanaerobacterium spp., such as Ther-

moanaerobacterium thermosaccharolyticum and Thermoanaer-

obacterium acidoterolans were dominant (Fig. 4a). The optimal

growth of T. thermosaccharolyticumwas in the pH range from5 to

6 and the optimum temperature was 60 �C. T. thermosacchar-

olyticum was also reported as the dominant species in ther-

mophilic hydrogen reactors from other study and played an

important role in hydrogen production [31]. Thermoanaer-

obacterium can use complex carbohydrates such as starch,

xylan, cellulose and simple sugars for hydrogen production.

Different species of Thermoanaerobacterium are known for their

capability to produce hydrogen, such as T. thermosacchar-

olyticum, Thermoanaerobacterium polysaccharolyticum, Thermoa-

naerobacterium zeae, Thermoanaerobacterium lactoethylicum and

Thermoanaerobacterium aotearoense [31]. Lebuhn et al. [32]

observed the predominance of Thermoanaerobacterium in

biogas production from lignocellulose-rich substrates at 55 �C.
In the present study, the specific activity of this group of mi-

croorganisms was also extremely high. Hydrogen yield, and

growth rate of hydrogen producing bacteria increased as the

thermophilic temperature thermophilic fermentation presents
OME.

H2 recovery
(%COD COD�1)

CH4 recovery
(%COD COD�1)

Total gas recovery
(%COD COD�1)

18.6 80 98.6

6.6 90 96.6

13.3 83.4 96.7

12.6 74.3 86.9

11.3 60 71.1
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Fig. 3 e Profiles of hydrogen production rate, COD and SS removal efficiency (a) and soluble fermentation metabolites (b)

from POME in ASBR operating at 2-d HRT under thermophilic condition.
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a number of advantages in comparison to the mesophilic pro-

cess, such as higher yields of hydrogen, more efficient degra-

dation of organics, and more resistance to contamination

[33,34].
Table 3 e Process performance and effluent characteristics on
stage methane production.

Two stage

Hydrogen reactor

Culture condition

HRT (d) 2

LOR (gCOD l�1 d�1) 60

pH 5.5

Gas production (L biogas l�1 d�1) 1.84

Gas Yield (ml H2 or CH4 gCOD�1) 210

Removal efficiency

Total COD (%) 38

SS (%) 75

Carbohydrate consumption (%) 92

Effluent

pH 4.3

Ethanol (mg l�1) 200

Propanol (mg l�1) 408

Acetic acid (mg l�1) 4866

Propionic acid (mg l�1) 150

Butyric acid (mg l�1) 7855

Valeric acid (mg l�1) 146

a Significant (P < 0.05).
Continuous methane production

A two-stage thermophilic-mesophilic anaerobic digestion

was operated solely on POME. The first-stage thermophilic
two-stage hydrogen and methane production and single

process operation Single stage

Methane reactor Methane reactor

15 17

6 6

7.3e7.5 7.3e7.5

2.4 1.72

315a 227a

95 84

96a 73a

99 95

8.2 7.9

10 40

5 50

20 150

0 50

50 340

0 30
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Fig. 4 e DGGE profile of bacterial community in sludge (a)

from ASBR reactor operated for hydrogen production from

POME under thermophilic condition and (b) from second

stage UASB reactor operated for methane production from

hydrogenic effluent under mesophilic condition (M) DGGE

marker (A) bacterial profile and (B) archaea profile.
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reactor (HRT 2 days) was operated at 55 �C. The second-stage

mesophilic digester (HRT 15 days) was held at a room tem-

perature of 28e34 �C. For comparison with a single-stage

mesophilic process, the mesophilic digester was also oper-

ated separately with an HRT of 17 days and temperature of

28e34 �C. Methane gas production from effluent of hydrogen

stage was examined using UASB. The hydraulic retention
time (HRT) was gradually increased step by step after steady

state at applied HRTwas established. The gas production rate

observed from themethane reactor is shown in Fig. 5. During

start-upwith 20 d HRT,methanewas produced continuously.

There was no delay of methane production observed in the

reactor during start-up stage, demonstrating that the

effluent of hydrogen reactor was readily usable for meth-

anogenesis. The methane production declined after

increased HRT to 10 d at day of 77 and then recover by 15 d

HRT, indicating that 15 d HRT is the maximum HRT for

methane production. During steady state, biogas productions

were stable and COD removal greater than 90% was observed

at HRT 15 days. The average methane production rate

observed in the steady state of HRT 20, 15 and 10 d were 1.8,

2.53 and 1.2 l CH4 l
�1 d�1. Themaximummethane production

rate of 2.6 l CH4 l
�1 d�1 was achieved at HRT 15 days and LOR

of 6 gCOD l�1 d�1. The methane concentration in the gas

produced was 70e76% (v/v) with an average of 73%. The

methane yield based on COD basis in the reactor was 315 ml

CH4 gCOD�1. Two-stage hydrogen and methane enhanced

degradation of organic waste and favors a high product yields

and biogas quality. This methane yield of 315 ml CH4 gCOD�1

was higher than two stage methane production from POME

(220 ml CH4 g COD�1) that observed by Chaisri [35]. It was the

same methane yield (320 ml CH4 g COD�1) with single stage

methane production from POME in high rate fixed film

bioreactor observed by Najafpour [36]. The pH was stable at

7.3e7.5 throughout either experiment without pH regulation

in two-stage. These results clearly indicate that two-stage

reduce retention time of methanogenic process and in-

crease methane production rate.

The characteristics of the effluent of the methane reactor

are presented in Table 3. In the methane effluent from two-

stage has COD removal efficiency more than 90% and SS

removal efficiency more than 90% at optimum condition

(HRT 15). While methane effluent of single stage has 84%

and SS removal efficiency more than 73% at HRT of 17 d.

Result indicating that incomplete degradation occurred in

single stage at the same HRT result in lower gas production.

One stage methane production has problematic when

dealing with complex wastewater that contains recalcitrant.

These compounds are generally inhibitive to biodegradation

by microorganisms and thus cause low bioconversion effi-

ciency [37]. Roberts et al. (1999) demonstrated that two-stage

thermophilic and mesophilic system can be operated with

much lower retention times and still achieve good VS

reduction.

DGGE profiling of sludge from two-stage UASB reactor

illustrated that Clostridium sp., Lactobacillus hamster, and

Lactobacillus sp. were dominant bacteria in methane produc-

tion stage. Methanosarcina sp. and Methanoculleus sp. were

dominant and played an important role in methane produc-

tion (Fig. 4b). The dominant archaea was Methanosarcina sp.,

which belonged to acetoclastic methanogens [38]. Meth-

anosarcina species were reported to be dominant at high ace-

tate concentration (>1.2 mM), and the results were consistent

with the high acetate concentrations in all the hydrogen

effluent that feed to methane reactors (Table 3). Others

dominant archaea bands were related to Methanoculleus spe-

cies, which were responsible for hydrogenotrophic
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Fig. 5 e Profiles of continuous methane production rate, COD and SS removal efficiency (a) and volatile fatty acids

concentration (b) in second stage using up-flow anaerobic sludge blanket reactor at various HRT.
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methanogenesis [39]. The methanogenic performance on the

two-stage process operation was high as that from single

stage operation, suggesting that hydrogen fermentation could

be efficiently coupled with a subsequent step for methano-

genic process.
Table 4 e Energy yield from single stage hydrogen production,
and methane production by mixed cultures.

Reactor Feedstock Temperature
(�C)

Initial
pH

Gas
production

rate
(l gas l�1d�1)

ACF POME 37 5.0 0.45 (H2)

CSTR POME 55 5.5 2.64 (H2)

ASBR POME 2.44 (H2)

CSTR Food waste 55 5.5 0.04 (H2)

UASB Rice winery

wastewater

55 5.5 0.15 (H2)

ASBR POME 55 5.5 1.8 (H2)

UFAF POME 37 7.0 2.54 (CH4)

UASFF POME 37 7.5 0.34 (CH4)

CSTR POME 35 7.5 1.73 (CH4)

CSTR and

CSTR

Olive pulp 35 5.5 0.15 (H2)

35 7.5 1.13 (CH4)

UASB and

UASB

Desugared

molasses

55 5.5 5.6 (H2)

55 7.5 3.4 (CH4)

CSTR and

CSTR

Potato

waste

37 5.5 1.2 (H2)

37 7.5 0.51 (CH4)

ASBR and

UASB

POME 55 5.5 1.8 (H2)

35 7.5 2.6 (CH4)

*ACF¼ Anaerobic contact filter, FFB ¼ Fixed film bioreactor, UASSF¼ Up-flo

reactor, CSTR ¼ continuous stirred-tank reactor, ASBR ¼ Anaerobic sequen
Total energy yield of two-stage hydrogen and methane
production process

The hydrogen production stage was operated in ASBR with

maximum hydrogen production rate of 1.84 l H2 l�1 d�1. The
single stage methane production and two-stage hydrogen

Energy
production

rate
(kW l-reactor�1)

Gas production
yield

(l gas kg COD�1)

Energy
yield
(MJ

kgCOD�1)

Reference

0.0015 239 3.05 [43]

0.0093 214 2.73 [29]

0.0086 278 3.55 [8]

0.0001 273 3.49 [6]

0.0005 270 3.45 [46]

0.0063 210 2.72 This study

0.0280 63 2.52 [35]

0.0037 310 12.41 [36]

0.0190 227 9.08 This study

0.0005 144 1.84 [44]

0.0125 98 3.90

0.0197 66 0.84 [45]

0.0374 120 4.80

0.0042 22 0.28 [27]

0.0056 250 10.02

0.0063 210 2.72 This study

0.0286 315 12.62

w anaerobic sludge-fixed film reactor, UFAF¼ Up-flow anaerobic filter

cing batch reactor, UASB ¼ Up-flow anaerobic sludge blanket reactor.
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methane stage was operated in UASB with maximum

methane production rate were 2.6 l CH4 l�1 d�1. Biogas pro-

duction from two-stage was 34% higher than one stage

methane production and 90% higher than one stage hydrogen

production. The overall removal efficiencies of COD and SS of

two-stage were 10% increase when compared with one stage.

Based on the hydrogen and methane yields observed in this

research, the average energy yield and corresponding

maximumvalue obtained from each kilogram of COD in POME

was calculated according to Zhu et al. [26]. The hydrogen and

methane yields from palm oil mill effluent were 210 l

H2 kgCOD�1 and 315 l CH4 kgCOD�1, respectively with total

energy yield of 15.34 MJ kgCOD�1. The energy yield from POME

with one and two-stage was shown in Table 4. The overall

energy recovery from POME by two stage was also higher than

one stage hydrogen production and one stage methane pro-

duction from others report [26,40]. The total energy produced,

approximately 13% of the energy was obtained from hydrogen

production. In the perspective of the energy yield, the

hydrogen fermentation alone was not competitive with two-

stage hydrogen and methane production. More importantly,

as demonstrated in this research, the hydrogen production

could improve the methane production and overall digestion

efficiency. Mixed hydrogen and methane (biohythane) pro-

duction rate was 4.4 l biogas l�1 d�1 with biogas composting of

51% CH4, 14% H2 and 35% CO2 was obtained by two-stage

thermophilic fermentation and mesophilic methanogenic

process. The mixed hydrogen and methane (biohythane)

shown to be energy efficient strategies for the energy recovery

from organic wastes [41,42].
Conclusions

A two-stage thermophilic fermentation and mesophilic meth-

anogenic process shown very promising method for the com-

bined energy recovery and removal ofCODand SS in POMEwith

the sequential anaerobic production of hydrogen and methane

production. The hydrogen production stage was operated in

anaerobic sequencing batch reactor (ASBR) under a pH of 5.5,

temperature of 55 �C hydraulic retention time (HRT) of 2 d and

organic loading rate (OLR) of 60 gCOD l�1 d�1 with maximum

hydrogen production rate of 1.84 l H2 l
�1 d�1 and an average of

1.8 l H2 l
�1d�1. The maximum and average of methane produc-

tion rate in the second stage were 2.6 and 2.4 l CH4 l�1 d�1,

respectively at 15 d HRT. Mixed hydrogen and methane pro-

duction rate was 4.4 l biogas l�1 d�1 with biogas composting of

51%CH4,14%H2and35%CO2.Thehydrogenandmethaneyields

from palm oil mill effluent were 210 l H2 kgCOD�1 and 315 l

CH4 kgCOD�1, respectively. The sequential generation of

hydrogen and methane from POME markedly increases the

energy yield with 34% higher than single stage methane pro-

duction and 90% higher than single stage hydrogen production.
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